Quantification of intracellular nanoscale macromolecular density distribution is a fundamental aspect to understanding cellular processes. We report a near-field penetrating optical microscopy (NPOM) technique to directly probe the internal nanoscale macromolecular density of biological cells through quantification of intracellular refractive index (RI). NPOM inserts a tapered optical fiber probe to successive depths into an illuminated sample. A 50 nm diameter probe tip collects signal that exhibits a linear relationship with the sample RI at a spatial resolution of approximately 50 nm for biologically relevant measurements, one order of magnitude finer than the Abbe diffraction limit. Live and fixed cell data illustrate the mechanical ability of a 50 nm probe to penetrate biological samples. The aim to understand biological processes at the nanoscale has been limited by a lack of suitable techniques. This knowledge is fundamental to multiple disciplines, e.g., disease progression, as nanoarchitectural changes can impact processes, e.g., gene transcription via higherorder chromatin structure [4] and protein folding within the cytoplasm via macromolecular crowding [5] .
Numerous visible-light microscopy techniques exist to analyze intracellular structure based upon elastic interactions between light and cellular media. However, their spatial resolution is bounded by the Abbe diffraction limit and unable to resolve structures <200 nm [1] . A review of nanoscale technology indicates nonelastic techniques also present limitations. While fluorescence microscopy detects intracellular structures finer than the diffraction limit, it requires the addition of external agents to the cell, is incapable of analysis beyond tagged cellular species, and does not quantify density distributions [2] . Electron microscopy (EM) serves as a nanoscale imaging technique but does not image live cells and can require staining, preventing analysis of unaltered structure. While cryo-EM does not require staining it is limited to specific sample sizes and images frozen architecture [3] .
The aim to understand biological processes at the nanoscale has been limited by a lack of suitable techniques. This knowledge is fundamental to multiple disciplines, e.g., disease progression, as nanoarchitectural changes can impact processes, e.g., gene transcription via higherorder chromatin structure [4] and protein folding within the cytoplasm via macromolecular crowding [5] .
We developed NPOM to quantify nanoscale intracellular RI. RI is a linear function of macromolecular (proteins, DNA, RNA, and lipids) density via [6] n n 0 αρ;
where n is RI, n 0 is RI of the medium (i.e., water, 1.33), α is the RI increment (∼0.18 mL∕g, experimentally determined and independent of chemical composition within measurement accuracy), and ρ is tissue solids by volume (g∕mL) [6] . As this nanoscale molecular organization is linked to cellular processes, NPOM can provide unaltered cellular structure data for basic science research unattained by near-field techniques, e.g., near-field scanning optical microscopy (NSOM) [7, 8] and precision optical intracellular near-field imaging/spectroscopy technology [9] . NPOM penetrates a metal-coated fiber optic probe tapered to a 50 nm tip diameter into a sample in 20 nm increments at an illuminated lateral point, providing intracellular RI and macromolecular density data.
Electromagnetic field theory presents studies relevant to the ability of NPOM to quantify RI. Fischer [10] shows that it is possible to observe a monotonic linear relation between the coupled power and RI for an appropriate metallic film composition, thickness, illumination wavelength, and aperture dimension. NPOM provides this relation within the biologically relevant RI range.
NPOM data were collected using NSOM equipment (MultiView 1000, Nanonics, Inc.). A tapered optical fiber collects near-field optical data. While this system was originally designed for scanning surfaces, it is capable of incrementally moving the probe in the depth direction and can penetrate a probe into a sample. To permit collection of NPOM data, the scanning feature of the instrument is turned off and data collection time is set at or below 2 min (30 s for cell measurement allowing rapid data collection mitigating cell degradation).
We employed collection mode [11] with a metal-coated (Au/Cr or Ag/Cr) multimode optical fiber probe with a 50 nm tip diameter (Nanonics, Inc.), illuminated through an objective above the sample. We chose this modality as it collects signal in the near-field, providing measurements from the nanoscale volume at the probe tip [ Fig. 1a ].
The incident laser was an argon laser source having a total output power of the order of 10 mW. The wavelength was chosen to be either monochromatic (488 nm) or multiline. The latter explored effects of broadbanding the illumination. This source was aligned to a multimode optical fiber (Corning InfiniCor 600), which was mounted in place of an ocular on the optical microscope above the MultiView 1000. This permitted the laser light to be focused through the objective and onto the sample. The probe tip was brought toward the sample surface and aligned over the illuminated spot allowing photon frequency detection by the photomultiplier tube, located on the nontapered probe end. The MultiView 1000 requires realignment for each new sample.
NPOM measurements collected while a probe was submerged in RI liquid standards (Cargille Laboratories, Inc.) within n D 1.300 to 1.600 0.0002 provided the relationship between the NPOM signal and RI spanning the biological RI range. (n D is the RI value at the sodium Dline; interpolation coefficients allowed extension to other wavelengths, i.e., 488 nm, where RI is noted as n 488 .) Fourteen NPOM measurements, each a histogram of photon frequencies recorded by the detector, were collected per RI standard. Four measurements were performed per standard within n D 1.3-1.55 and one measurement for n D 1.6. The signals from n D 1.55 and 1.6 included some detector saturation, which was removed from the histogram before determining the calibration. Figure 1b shows the NPOM signal for each measurement, quantified as the mean photon frequency f versus RI, n 488 . These data constitute a calibration between NPOM signal and medium RI surrounding the probe tip. Linear regression analysis reveals a highly linear (R 2 0.98) relationship and a sensitivity, root mean square error (RMSE) and precision of 77f ∕Δn 488 , 0.87f and 0.88f , respectively. Rearranging this calibration allows a measured f to be mapped to n 488 Δn 488 (Δn 488 corresponds to the calculated standard deviation of n 488 ) [12] . While Δn 488 varies along the calibration curve (smallest at the calibration centroid), its maximum is 0.01. Uncertainty intervals also account for alignment variations as each sample requires a new alignment. This calibration is unique to a probe, while linearity remains consistent.
Calibration data reveal a monotonic, linear relationship between the NPOM signal and RI within the biological range, n D 1.3-1.6. This permits the NPOM signal to be uniquely mapped to the RI value surrounding the probe tip, a result consistent with Fisher's work [10] .
We repeated calibration studies to directly compare the 488 nm and multiline laser modalities. The slope and intercept of each calibration were found to be within a standard deviation of the other modality's respective calibration parameters; thus, no statistically significant difference existed and broadbanding the incident laser does not significantly perturb the calibration.
NPOM's ability to resolve RI is determined by collecting data through an air and RI standard interface. Beginning in air, the probe was passed incrementally through the liquid in 20 nm steps, collecting data at each z position. Sigmoidal in shape, these data were fit to the sigmoidal function
by minimizing the sum of square error in Microsoft Excel to determine the edge spread function (ESF), [Fig. 2a] . The ESF derivative is a Gaussian function (where a and b are constants, μ is the mean, and σ is the standard deviation) used to model a line spread function (LSF), shown in Fig. 2b . The spatial resolution defined by the Sparrow criterion-the distance between two LSFs such that their sum merges to form a single peak with no central minimum-was derived as 2σ for Gaussian functions [13] . Additional measurements indicate 2σ decreases as RI increases (Table 1) .
NPOM was used to obtain the RI of live and fixed human buccal cells. Live cells were swabbed from the buccal mucosa and submerged in 1× phosphate buffered saline (PBS) to ensure cells remained hydrated during measurements. This was pipetted onto a poly-L-lysine (Sigma Diagnostics) coated coverslip. Fixed cells were prepared on coverslips via dehydration in 70% ethanol. Acknowledging cell drying may be a concern for live cells, we collected time series of the NPOM data at a fixed cellular location and determined there exists an ∼25 min data collection window without significant cell drying.
NPOM measurements were collected from above and within the interior of three live, healthy buccal cells [ Fig. 3a] and two fixed, healthy buccal cells [ Fig. 3c ]. These data were obtained using a 50 nm NPOM probe manually positioned at a point above the cell over the cytoplasm and penetrated into the cell in increments as small as 20 nm. Figs. 3b and d] . These direct measurements provide intracellular RI and macromolecular density profiles previously unseen in the literature. As live cell measurements exceed the RI of PBS (n ≈ 1.33) and are in agreement with macroscopic RI values previously reported in the literature, data show that the probe can penetrate a live cell and its interior membranes to collect internal nanoscale RI and macromolecular density [14] .
NPOM measurements of fixed cells transition from air into the cellular interior indicating the NPOM probe is mechanically able to penetrate fixed cells. The RI values from the fixed cell interior [ Fig. 3d ] fall within the RI range of cellular components, such as a monolayer of double-stranded DNA (n 488 ≈ 1.528) [15] , a lipid membrane (n 532 ≈ 1.486-1.496) [16] , and dried/pure protein (n ≈ 1.53-1.6) [6] , validating NPOM's ability to measure the interior RI of fixed cells. The penetration depth into a fixed cell is limited. In Fig. 3c Cell 2, the signal drop at 160 nm into the cell likely results from cellular matter blocking the probe.
Cellular RI values [Figs. 3b and d] correspond to an interface resolution <50 nm ( Table 1) . As the lateral resolution is comparable to the probe diameter, 50 nm, the spatial resolution for intracellular measurements is 50 nm.
NPOM directly measures intracellular RI and macromolecular density with a 50 nm spatial resolution for a 50 nm diameter probe, about one order of magnitude finer than the Abbe diffraction limit surpassing abilities of previous techniques [2, 3, [7] [8] [9] 14, [17] [18] [19] . Whether used for basic science research, as input data for computational models [20] , or as a disease screening technique, NPOM has the potential to provide new opportunities for investigation of cellular biology at the nanoscale.
